Distinct telomere differences within a reproductively bimodal common lizard population by McLennan, D. et al.
Functional Ecology. 2019;33:1917–1927.	 	 	 | 	1917wileyonlinelibrary.com/journal/fec
 
Received:	13	April	2019  |  Accepted:	3	July	2019
DOI: 10.1111/1365-2435.13408  
R E S E A R C H  A R T I C L E
Distinct telomere differences within a reproductively bimodal 
common lizard population





































and	 viviparous	 individuals	 co‐occur	 in	 the	 same	 habitat	 and	 occasionally	 inter-
breed	to	form	admixed	individuals.
4.	 While	viviparity	confers	many	advantages	for	offspring,	 it	might	also	 incur	sub-
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1  | INTRODUC TION
Differing	reproductive	strategies	can	co‐occur	within	a	species,	due	






















little	 studied,	 in	 part	 because	 so	 few	 species	 exhibit	 both	modes.	
However,	it	has	been	suggested	that	viviparity	may	incur	substantial	
costs	for	the	mother.	Firstly,	 the	prolonged	gestational	period	and	

























Dupoué	 et	 al.,	 2017;	 Salmón,	 Nilsson,	 Nord,	 Bensch,	 &	 Isaksson,	
2016;	Wilbourn	et	al.,	2018).
In	addition	to	cell	division,	the	accelerated	erosion	of	telomeres	
has	 been	 linked	 to	 environmental	 stressors,	 potentially	 via	 oxida-
tive	stress	pathways	(Monaghan	&	Ozanne,	2018;	Reichert	&	Stier,	
2017,	but	 see	also	Boonekamp,	Bauch,	Mulder,	&	Verhulst,	2017).	
Recent	studies	have	 linked	 telomere	dynamics	 to	various	stressful	
conditions,	both	in	vitro	and	in	vivo	(Barnes,	Fouquerel,	&	Opresko,	
2018;	 Cram,	 Monaghan,	 Gillespie,	 &	 Clutton‐Brock,	 2017;	 Debes	
et	al.,	2016;	Monaghan,	2014;	Olsson	et	al.,	2018).	Moreover,	a	re-
cent	study	on	Australian	painted	dragons	(Ctenophorus pictus)	found	
that	 telomere	 dynamics	 differed	 between	 individuals	 with	 differ-




between	 oviparous	 and	 viviparous	 life‐history	 strategies	 could	
also	 affect	 the	 telomere	 length	of	 the	offspring	 that	 arise	 from	
these	 reproductive	 modes.	 A	 number	 of	 studies	 have	 reported	




or	 embryonic	 environment	 (McLennan	 et	 al.,	 2018a;	 Noguera,	
Metcalfe,	 Reichert,	 &	 Monaghan,	 2016),	 as	 well	 as	 potential	
maternal	 effects	 on	 oocyte	 telomere	 length	 (Keefe,	 Kumar,	 &	
Kalmbach,	 2015).	 Further,	 since	 oviparous	 offspring	 interact	
with	 the	 environment	 at	 an	 earlier	 life	 stage,	 it	 is	 possible	 that	
the	telomeres	of	 these	offspring	could	then	be	differentially	af-
fected	 by	 environmental	 factors,	 for	 example	 via	 temperature	
and	growth	effects	on	early	 life	development	 (McLennan	et	 al.,	
2018b;	Monaghan	&	Ozanne,	2018;	Vedder,	Verhulst,	Zuidersma,	
&	Bouwhuis,	2018).
The	 common	 lizard	 (Zootoca vivipara)	 is	 one	 of	 only	 a	 few	 ex-
tant	vertebrate	species	in	which	both	viviparity	and	oviparity	occur	
(Surget‐Groba	et	al.,	2006).	In	this	study,	we	examine	maternal	and	
offspring	 telomere	 dynamics	 in	 a	 wild	 common	 lizard	 population	
growth	 rate	 that	 viviparous	 individuals	 may	 undergo	 to	 reach	 a	 similar	 size	 at	
reproduction.
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in	 which	 different	 evolutionary	 lineages	 with	 either	 an	 oviparous	






bated	 by	 the	mother	 for	 ~28	 days	 (Arrayago	 et	 al.,	 1996;	 Heulin,	
1990;	 Lindtke,	Mayer,	&	Böhme,	2010).	Offspring	 from	viviparous	
mothers	are	retained	in	utero	for	the	duration	of	embryonic	devel-




after	 parturition	 (Recknagel	 &	 Elmer,	 2019).	 Because	 this	 popula-
tion	occurs	in	a	unique	contact	zone	between	the	two	reproductive	
modes,	admixture	 is	also	possible	 (Lindtke	et	al.,	2010;	Recknagel,	
2018).	 Admixed	 offspring	 are	 created	 when	 interbreeding	 occurs	
between	 the	 two	 reproductive	 modes.	 These	 offspring	 may	 be	
first‐generation	hybrids	or	 result	 from	the	backcrossing	of	hybrids	
with	 oviparous	 or	 viviparous	 individuals.	 Offspring	 from	 admixed	




Here,	we	have	measured	 telomere	 length	 in	 viviparous,	 ovipa-
rous	 and	admixed	 common	 lizards,	 of	both	mothers	 and	 their	off-
spring.	We	predicted	that	viviparous	mothers	(with	the	presumption	
that	they	incur	a	higher	reproductive	burden)	would	have	relatively	




























Females	 that	had	 recently	mated	 (and	were	 therefore	 likely	 to	
be	pregnant)	were	moved	to	nearby	holding	 facilities	so	 that	 their	
reproductive	mode	could	be	assessed.	All	females	were	individually	





and	a	bowl	of	water.	 Lizards	were	 fed	ad	 libitum	with	mealworms	
(Tenebrio molitor)	and	crickets	(Gryllus assimilis).
Each	female	was	checked	daily	for	the	presence	of	offspring.	On	






mass	 of	 the	 offspring	 after	 hatching,	 excluding	 eggshell,	 amniotic	
fluids	and	yolk,	divided	by	female	mass	after	oviposition/parturition)	




tissues	 in	 birds	 (Reichert,	 Criscuolo,	Verinaud,	 Zahn,	&	Massemin,	
2013)	and	lizards	(Rollings	et	al.,	2019).	Moreover,	a	study	on	brown	
trout	Salmo trutta	by	Debes	et	al.	 (2016)	 found	trends	 in	telomere	
dynamics	to	be	similar	among	tissues,	including	highly	regenerative	
tissues	 such	as	 fin.	Therefore,	we	were	 confident	 in	using	 the	 tail	




or	hatching,	each	 individual	was	weighed	 (to	 the	nearest	0.001	g),	
SVL	was	measured	(to	the	nearest	0.01	mm),	and	a	tail	clip	was	taken	
for	subsequent	telomere	analysis.	The	offspring	were	then	returned	
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2.3 | Identifying maternal reproductive mode 
by ddRADSeq
Oviparous	 and	 viviparous	 females	 are	 easily	 distinguishable	 by	
phenotype:	oviparous	offspring	are	laid	in	calcified	shells	and	then	















nomic	 background	 (Q	 value	 ≤0.01)	 were	 assigned	 as	 oviparous,	
while	females	with	a	strong	viviparous	genomic	background	(Q value 
≥0.99)	 were	 assigned	 as	 viviparous.	 Females	 that	 had	 a	 genomic	
background	of	admixture	(Q	value	>0.01	and	<0.99)	were	assigned	
as	admixed	individuals.	We	assigned	a	reproductive	mode	to	67	out	
of	69	of	 the	 females	based	on	 their	genotypes.	Two	of	 the	 lizards	
were	not	included	in	the	ddRADSeq	library;	however,	their	number	
of	incubation	days	was	clearly	in	the	viviparous	and	oviparous	ranges	
(2	and	35,	 respectively);	 therefore,	we	were	confident	 in	assigning	
their	reproductive	mode	based	on	phenotype	alone.
2.4 | Telomere analysis
Common	 lizard	 telomere	 length	 has	 been	 previously	 measured	
using	the	TeloTAGGG	Telomere	Length	Assay	(Dupoué	et	al.,	2017),	
confirming	 that	 common	 lizard	 telomeres	are	also	made	up	of	 the	
repetitive	sequence	TTAGGG.	For	 this	 study,	 telomere	 length	was	
measured	 in	 all	 samples	 using	 the	 quantitative	 PCR	 method	 de-
scribed	by	Cawthon	(2002).	The	universal	Tel1b	and	Tel2b	primers	
designed	by	Cawthon	(2002)	and	modified	by	Epel	et	al.	(2004)	were	
used	 for	 amplification	 of	 the	 telomere	 repeats.	 The	 recombina-
tion	activating	gene	1	(RAG‐1)	was	chosen	as	the	single‐copy	gene,	







A	 full	 outline	of	 the	qPCR	protocol	 is	 provided	 in	 the	Appendix	 S1.	































All	 statistical	 analyses	were	 conducted	 using	 r version 3.5.0 
software.	 In	total,	we	ran	eight	statistical	models.	Firstly,	we	ran	
general	 linear	 models	 (GLMs)	 to	 assess	 whether	 maternal	 mass	
(model	 1),	 offspring	 mass	 (model	 2),	 clutch	 size	 (model	 3)	 and	
relative	 clutch	mass	 RCM	 (model	 4)	 and	 relative	 offspring	mass	
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ROM	 (model	 5)	 varied	 between	 the	 female	 reproductive	 mode.	
Secondly,	we	conducted	a	linear	mixed	model	(LME)	using	the	lme4	
and	lmerTest	functions	(Bates,	Maechler,	Bolker,	&	Walker,	2015;	
Kuznetsova,	 Brockhoff,	 &	 Christensen,	 2014)	 to	 assess	whether	
RTL	 (relative	 telomere	 length)	 differed	 between	 life	 stage	 and	
reproductive	mode,	which	 included	family	 ID	as	a	random	factor	
to	 control	 for	 non‐independence	between	mother	 and	offspring	
(model	 6).	 Estimates	 of	 marginal	 (fixed	 effects)	 and	 conditional	
(fixed	effects	+	random	effects)	R2	values	of	the	mixed	model	were	
calculated	using	the	MuMin	package.	Finally,	we	looked	at	factors	









action	maternal	 RTL	with	 reproductive	mode	 to	 assess	whether	
the	 relationship	 between	maternal	 RTL	 and	mean	 offspring	 RTL	
differed	 between	 the	 reproductive	modes	 (model	 8).	 As	 before,	
model	 8	 was	 then	 simplified	 by	 backwards	 elimination,	 starting	
with	 insignificant	 interactions	 and	 continuing	 with	 insignificant	













productive	 modes,	 with	 viviparous	 mothers	 producing	 the	 smallest	
clutches	and	oviparous	mothers	producing	the	largest	clutches	(GLM	
F2,66	=	3.99,	p	=	 .023;	Table	2.3	and	Figure	2c).	RCM	(relative	clutch	
mass,	 including	 eggshell,	 amniotic	 fluids,	 etc.)	 did	 not	 significantly	















nificantly	 between	 the	 reproductive	modes.	 The	 viviparous	mode	







For	 the	 offspring,	maternal	 RTL,	 offspring	mass,	 clutch	 size,	 RCM	
and	the	interaction	maternal	RTL	X	reproductive	mode	were	not	sig-
nificantly	associated	with	the	relative	mean	telomere	length.
TA B L E  1  Summary	of	all	the	variables	used	in	statistical	analyses
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4  | DISCUSSION
This	 study	 has	 shown	 that	 different	 reproductive	modes	 of	 the	
common	 lizard	 significantly	 differ	 in	 telomere	 length.	 The	 vi-
viparous	mode	had	 the	 longest	 telomeres	 (for	both	mothers	and	
offspring),	 the	 oviparous	 mode	 had	 the	 shortest	 telomeres	 (for	
both	mothers	 and	 offspring),	 while	 the	 admixed	 individuals	 had	
relatively	 intermediate	 telomeres	 (again,	 for	 both	 mothers	 and	
offspring).	Since	the	significant	difference	in	telomere	length	was	
already	evident	at	the	offspring	stage,	it	suggests	that	the	repro-
ductive	 modes	 have	 evolved	 differing	 telomere	 dynamics	 over	
time.	However,	 it	 is	currently	unclear	whether	and/or	how	these	
differences	 in	 telomere	 length	 have	 co‐evolved	 with	 other	 life‐
history	 traits.	We	 also	 found	 that	mothers	 had	 relatively	 longer	
telomeres	than	their	offspring	among	the	reproductive	ecotypes.	
However,	we	currently	do	not	know	whether	this	is	due	to	physi-
ological	 processes	 (e.g.	 telomere	 elongation	 mechanisms	 during	






















TA B L E  2  Summary	of	the	final	GLMs	corresponding	to	models	1,	2,	3,	4,	5,	7	and	8
#  Explanatory variable Estimate SE t p
1 Maternal	mass — — — — —
2 Offspring	mass Intercept 0.204 0.010 19.67 <.001
Repro. mode—oviparous 0.044 0.012 3.57 <.001
Repro. mode—viviparous −0.023 0.012 −1.97 .054
3 Clutch	size Intercept 7.154 0.553 12.94 <.001
Repro. mode—oviparous 0.411 0.691 0.60 .554
Repro. mode—viviparous −1.063 0.653 −1.63 .108
4 RCM — — — — —
5 ROM Intercept 0.414 0.034 12.11 <.001
Repro. mode—oviparous 0.086 0.040 2.13 .037
Repro. mode—viviparous −0.140 0.039 −3.62 <.001
7 Maternal	RTL Intercept 0.043 0.033 1.28 .204
Repro. mode—oviparous −0.166 0.041 −3.98 <.001
Repro. mode—viviparous 0.118 0.039 3.01 <.001
8 Mean	offspring	RTL Intercept −0.077 0.030 −2.52 .014
Repro. mode—oviparous −0.135 0.036 −3.73 <.001
Repro. mode—viviparous 0.146 0.034 4.24 <.001
Note: See	Section	22	for	full	definitions	of	the	main	effects	and	interactions	initially	included	in	each	model.	See	Section	33	for	analysis	of	variance	
test	statistics.





Tinkle,	 Wilbur,	 &	 Tilley,	 1970).	 However,	 it	 is	 currently	 unknown	
whether	 the	same	also	applies	 to	oviparous	and	viviparous	modes	





#  Explanatory variable Estimate SE df t p
6 RTL Intercept 0.035 0.025 74.78 1.35 .18
  Repro. 
mode—oviparous
−0.155 0.031 62.04 −5.00 <.001
  Repro. 
mode—viviparous
0.127 0.029 62.80 4.32 <.001






TA B L E  3  Summary	of	the	linear	mixed‐
effect	model,	corresponding	to	model	6
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co‐occurring	within	the	same	species,	and	we	were	unable	to	quan-




telomeres.	 In	mammals,	 telomere	 length	 is	 generally	 phylogeneti-
cally	conserved,	although	exceptions	to	this	do	exist	(Gomes	et	al.,	
2011,	2010).	 It	 is	unknown	to	what	extent	 this	applies	 to	 reptiles.	
One	possibility	is	that	differing	telomere	lengths	in	common	lizards	
have	evolved	as	an	effect	of	the	life‐history	divergence	among	the	
reproductive	modes.	 It	 is	also	possible	 that	we	wrongly	presumed	
oviparity	to	carry	a	lesser	maternal	burden.	We	did	not	find	a	signif-
icant	difference	 in	maternal	mass	among	 the	 reproductive	modes,	
and	 a	 study	 by	 Demarco	 and	 Guillette	 (1992)	 found	 viviparity	 to	
carry	 a	 minimal	 metabolic	 cost.	 Moreover,	 within	 a	 reproductive	
season,	oviparous	females	might	invest	more	in	their	offspring	com-
pared	 to	viviparous	 females	 (Recknagel	&	Elmer,	2019).	We	 found	
that	ROM	was	larger	for	oviparous	females	compared	to	viviparous	




Surget‐Groba,	&	Tadic,	 2000;	 Lindtke	 et	 al.,	 2010),	 resulting	 in	 an	
even	larger	reproductive	effort	per	season	for	oviparous	females.
It	 is	 worth	 noting	 that	 post‐embryonic	 telomere	 repair	 mech-
anisms,	 such	 as	 telomerase	 expression,	 have	 been	 documented	 in	
several	lizard	species	to	date	(Alibardi,	2015;	Ujvari	et	al.,	2017).	In	
addition,	 several	 studies	on	 fish	have	 found	higher	 telomerase	ex-
pression	in	actively	dividing	cells	(Peterson,	Mok,	&	Au,	2015;	Yap,	
Yeoh,	Brenner,	&	Venkatesh,	2005).	We	 found	 that	 the	viviparous	
offspring	were	significantly	smaller	at	hatching	but	were	of	equiva-
lent	size	at	the	maternal	life	stage,	perhaps	due	to	an	increased	rate	
of	 growth.	 Therefore,	 this	 possible	 divergence	 in	 telomere	 length	
























related	with	 body	 size)	 as	 a	 covariate	 in	 analyses.	 In	 addition,	 the	
exact	same	pattern	was	found	at	the	offspring	stage,	when	age	was	
similar	among	the	reproductive	modes	(i.e.	days	since	copulation).
As	with	 the	 adult	 females,	we	 also	 found	 that	 the	 viviparous	











not	 fully	 understood	 in	 lizards.	 It	 could	 be	 that	 offspring	 inherit	
their	 telomere	 length	via	 the	 initial	 telomere	 length	of	 the	 fertil-
ized	egg	(Dugdale	&	Richardson,	2018),	presuming	that	viviparous	
mothers	also	have	a	longer	germline	telomere	length.	Additionally,	
offspring	 may	 also	 be	 inheriting	 the	 genetic	 information	 that	
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